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INTRODUCTION 


Infrared-absortion  spectroscopy  is  extensively  used  in  polymer  chem¬ 
istry  in  the  study  of  reaction  processes,  structure,  morphology,  qualita¬ 
tive  and  quantitative  composition,  molecular  configuration,  and  other 
features*  The  rapid  growth  of  the  technique  since  the  mid-1940's  attests 
to  its  usefulness. 

In  the  method,  electromagnetic  radiation  in  the  infrared  region 
(greater  than  A  •  0.7  ym)  interacts  with  mass  in  vibrational  and  rota¬ 
tional  modes.  The  interactions  with  molecules  or  groups  of  atoms  within 
molecules  causes  transitions  between  the  vibrational  and/or  rotational 
states  with  a  resulting  characteristic  absorption  of  energy  or  spectral 
"signature.1*  The  spectrum  produced  relates  the  intensity  of  energy  absorp¬ 
tion  at  particular  wavelengths  by  specific  groups  of  atoms  and  provides  an 
insight  into  the  structure  and  configuration  by  providing  both  the  types 
of  groups  and  their  concentrations.  Infrared-absorption  spectroscopy  may 
be  used  alone  as  an  analytical  method;  however,  it  is  often  combined  with 
Reman  and  mass  spectroscopy  or  with  nuclear  magnetic  resonance  to  obtain 
more  detailed  information. 

The  present  study  presents  a  procedural  method  of  designing  and  syn¬ 
thesising  polymers  intended  to  selectively  absorb  energy  in  particular 
bands  of  the  infrared  spectrum.  Thus,  filters  may  be  prepared  that  can  be 
used  to  mask  or  alter  the  signatures  of  infrared-emitting  objects  and,  in 
affect,  camouflage  these  objects  against  observation  by  attenuating  or 
altering  the  infrared  energy  that  is  allowed  to  be  transmitted  to  a  detec¬ 
tor. 
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addition  to  the  molecular  design  of  the  polymer,  a  change  in  the 
physical  form  by  foaming  is  studied  to  determine  this  effect  on  the 
overall  efficiency  of  the  attenuating  properties  of  the  filter.  An  advan¬ 
tage  of  foaming  the  polymer  is  the  ability  to  make  essentially  self- 
supporting  filter  enclosures  for  infrared  emitters.  The  most  obvious  uses 
of  selectively  absorbing  infrared  filters  are  in  military  camouflaging 
applications  and  as  photographic  filters  analogous  to  the  visible  light 
filters  cowmly  used. 


THEORETICAL 


Infrared  radiation  energy  causes  only  the  vibrational  and  rotational 
energy  state  transitions  described  earlier;  it  is  incapable  of  causing 
electron  energy  level  changes.  The  transitions  effected  cause  the 
molecules  to  react  as  a  vibrating  system  of  springs  and  masses  that  can  be 
reasonably  approximated  as  a  simple  harmonic  system  which  can -be  analysed 
by  quantum  mechanics  techniques  such  as  the  Schrodinger  wave  equation  with 
the  condition 
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in  which  v  is  the  wave  number , *  Ej  and  E2  are  discrete  energy  values  of 
the  two  transition  states,  h  is  Planck's  constant,  and  c  is  the  velocity 
of  light.  Only  vibrations  resulting  in  changes  in  dipole  moments  cause 
infrared  absorptions  of  a  fundamental  nature;  overtone  and  combination 
vibrations  may  occur,  but  their  inteneitics  are  generally  much  lower.  The 
intensity  of  absorption  is  proportional  to  the  square  of  the  magnitude  of 
the  changing  dipole  moment  in  the  vibration  or  rotation. 


*The  wave  number  is  conventionally  defined  as  10*/  X  where  A  is  between  1 
and  500um;  it  allows  better  numerical  description  than  does  the 
wavelength  A. 
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The  nabtr  of  possible  vibrations  in  a  polyner  -system  containing  I 
atoms  is  31  nave  numbers.  Of  these*  six  values  represent  whole  molecule 
vibration  or  rotation  transitions  so  the  total  number  of  possible  absorp¬ 
tions  beeones  3W  in  aost  cases.  Hot  all  vibrations  are  detectable  in 
the  infrared  spectrun  doe  to  a  lack  of  proper  response  by  the  aolecule  or 
group  to  the  infrared  energy  or  to  precedent  Sanan  (electrical  polarise- 
bility)  activity  or  Molecular  syuHstry.  It  is  possible  to  calculate  all 
of  the  individual  values  for  all  of  the  vibration  frequencies  froa  atonic 
aasses  and  geonetric  positions  (chcsdcal  bond  lengths  and  bond  angles)  and 
the  force  constants  of  the  bonds  if  sons  of  the  values  are  independently 
provided  fron  other  sources  such  as  aass  spectroscopy  and  nuclear  aagnetic 
resonance. 

The  translations  of  vibrational  or  rotational  energy  via  aass  dis¬ 
placement  occur  as  bond  stretching  (synswtric  and  asyametrie)*  deformation 
(syawtric  bending)*  wagging*  twisting*  and  rocking  as  defined  and  illus¬ 
trated  by  Bikales  [1].  In  relatively  simple  polyner  molecules  such  as 
polyethylene*  the  motions  are  well  defined.  More  complex  molecules*  espe¬ 
cially  network  or  crosalinked  polymers  with  a  large  number  of  different 
types  of  groups*  present  much  more  formidable  problems  of  exact  analytical 
description,  nearest  neighbor  interactions*  hydrogen  bonding*  van  der 
Waals  forces*  residual  strain*  and  steric  hindrances  all  may  cause  shift¬ 
ing  of  the  absorption  band  in  the  spectrum*  broadening  of  the  band*  or 
combination  with  other  nearby  bands  with  a  concomitant  alteration  of  the 
absorption  intensity. 

The  amount  of  infrared  energy  that  is  absorbed  (converse  of  transmit¬ 
ted)  as  an  infrared  beam  is  passed  through  a  material  depends  linearly 
upon  the  incident  radiation  intensity  and  non-linearly  upon  the  nunber  of 
absorbing  molecules  or  groups  in  the  path.  The  functional  relationship  is 
given  by  the  Beer-Lanbert  lav  [2]  in  which  logarithms  are  required  to  give 
the  correct  quantitative  value  of  absorption.  Since  the  effect  of  the 
logarithm  is  less  pronounced  when  weak  absorption  occurs*  the  difference 
in  peak  absorption  can  be  used  to  describe  the  number  of  absorbing 
molecules  or  groups.  The  reverse  is  not  true*  however*  since  strong 
absorption  results  in  very  large  changes  in  the  logarithmic  value  of 
transidsaion*  and  care  nuat  be  exercised  in  interpreting  the  results  quan¬ 
titatively  in  terms  of  the  nunber  of  functional  absorbing  groups  in  the 
light  path. 

Given  that  each  polymer  group  has  characteristic  absorption  proper¬ 
ties*  it  is  then  theoretically  possible  to  select  groups  by  type  and  quan¬ 
tity  and  to  synthesise  polymers  such  that  absorption  will  occur  at 
specific  hands  in  the  spectrum*  dm  e  result*  infrared  radiation  incident 
on  one  side  of  a  layer  of  such  e  material  can  he  absorbed  as  it  passes 
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through  thu  Mtnial  with  thu  shape  and/or  overall  trananittad  apactrua 
intensity  significantly  tailored  to  aoit  a  daairad  r vault. 

talativaly  little  work  has  bean  reported  on  the  intentional  deaign  of 
polynara  to  abaorb  infrared  energy  over  a  aubatantial  portion  of  the  near 
and  intermediate  portiona  of  the  apectrun.  Except iona  include  long-  and 
short-pass  and  interference  filtera  deaigned  principally  for  use  in  the 
atudy  of  the  infrared  apectrun  itaelf  [3]. 


The  experimental  procedure  uaed  waa  aelected  to  aatiafy  three  objec¬ 
tive*.  Fir at,  a  polymer  ayatem  waa  aelected  to  afford  aa  much  flexibility 
in  deaign  aa  practical.  Second,  the  deaigned  polymer  waa  ayntheaixed. 
Third,  the  infrared-absorption  apeetrum  of  the  polymer  waa  atudied  with 
the  polymer  aa  a  film  and  aa  varying  thickneeeee  of  foam  to  determine 
whether  the  polymer  absorbed  aa  designed  and  to  compare  the  performance  of 
the  film  and  the  foam. 

Polymer  groups  were  cataloged  with  respect  to  their  infrared  absorp¬ 
tion  bands.  The  selected  groups  and  references  are  given  in  Table  1.  The 
groups,  their  vibrational  modes  and  principal  absorption  bands  are  listed 
in  Table  2.  These  tables  do  not  cover  the  entire  range  of  possibilities, 
but  rather  reflect  a  selection  sufficiently  broad  to  cover  a  reasonable 
portion  of  the  infrared  spectrum  from  wave  number  4000  cm”*  to  about  wave 
number  700  cm”*.  More  than  100,000  infrared  spectra  are  available  for 
comparison  reference  of  polymer  group  absorption  in  the  48 TM  and  Sadtler 
collections  [2]. 

An  examination  of  the  composition  of  numerous  polymers  shoved  that 
me  polyurethane  family  offered  a  great  number  of  opportunities  for  inclu¬ 
sion  of  many  of  the  desired  groups.  (Aa  a  contrast,  polyethylene  contains 
only  CHj  groups  with  no  possibility  of  other  groups  other  than  CHy  at  the 
chain  ends.)  Furthermore,  the  polyurethanes  ara  generally  readily  syn¬ 
thesised  as  both  films  and  foams  by  using  commercially  available  iso¬ 
cyanates  and  a  vide  variety  of  reactants  that  contain  ether  C-0,  ester 
-C(«0)-0,  phosphate  P<>4”3,  amine  HR,  anide-C(*0 J-iHj ,  sulfur  S-H,  halogen 
C-X,  silicon  Si-H,  Si-C,  Si-0,  and  other  groups.  The  general  absorption 
assignments  of  the  various  groups  are  given  in  Table  2.  As  can  be  seen, 
these  groups  cover  the  entire  spectrum  from  shout  3600  cm”*  to  700  cm”* 
wave  numbers. 
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The  polyurethane  ves  formulated  using  a  polymethyl enepolyphenyl iso¬ 
cyanate  and  polyether  polyol*  The  chemistry  and  reactions  are  described 
in  [4]*  Thin  films  of  the  formulated  polyurethane  were  cast  on  a  Teflon 
slab.  Low-density  foams  ware  made  of  the  same  formulation  but  by  neces¬ 
sity*  the  foams  also  contained  silicone  surfactant  and  nonofluorotri- 
chloronetbane  as  a  cell  control  and  foaming  agent*  respectively.  The  foam 
was  sliced  into  thin  sheets  of  various  thicknesses  prior  to  testing. 

Trsnsmission  spectra  of  the  specimens  were  made  on  a  Per kin- Elmer 
Infrared  Spectrometer*  Model  283B.  The  transmission  method  was  selected 
over  other  techniques  such  as  attenuated  total  reflectance  or  as  particles 
dispersed  and  consolidated  in  potassium  bromide  pellets  as  described  by 
Bikales  [1].  The  transmission  mode  represents  the  anticipated  use  as  a 
filter  and  was  thus  considered  the  most  appropriate  test  procedure.  Com¬ 
parable  absorption  spectra  were  obtained  for  the  film  and  foam  specimens; 
thus*  the  method  appeared  satisfactory. 


EXPERIMEHTAL  RESULTS 


A  composite  spectrograph  of  the  film  and  foam  specimens  is  shown  as 
Figure  1.  Curve  1  at  the  top  of  the  graph  is  the  transmission  spectrum  of 
a  thin  film  (0.0178  am)  of  the  polyurethane  polymer.  Absorption  peaks 
(which  appear  as  valleys  in  the  curve)  ere  strong  at  numerous  wave 
numbers*  especially  at  about  1075  cm**!*  1220  cm"* ,  1525  cm”* ,  1710  cm"*, 
2900  cm~l*  and  3300  cm”*.  The  presumed  absorbing  groups  are  identified  in 
the  upper  margin.  Curves  2  through  5  are  increasingly  greater  thicknesses 
of  foam  (0.0218  am  through  0.0533  am)  of  the  same  polymer  and*  as  can  be 
seen*  they  retain  the  same  general  absorption  features  as  the  film*  but 
the  absorption  peaks  bo cone  less  pronounced  as  the  thickness  increases  and 
more  total  absorption  occurs.  A  sufficiently  thick  specimen  would  totally 
block  transmission  and  the  whole  spectrum  would  be  absent,  just  as  no 
specimen  in  the  been  would  allow  complete  transmission. 

The  somewhat  erratic  trace  of  the  curves  is  probably  due  to  reflec¬ 
tive  scattering  of  the  beam;  small  deviations  in  the  curve  are  not  satis¬ 
factory  for  assignment  of  absorption  groups  or  indicative  of  the  dipole 
activity  required  for  infrared  absorption.  These  small  deviations  should 
be  considered  as  artifacts  of  the  test  or  ignored  completely  for  the  pur¬ 
poses  of  this  paper. 

A  single  experiment  was  conducted  under  field  conditions  to  verify 
findings  in  the  laboratory.  The  experiment  compared  the  observability  of 
two  operating  60-kH  dieael  drives  generator  sets;  one  set  was  enclosed  by 
sheets  of  polyurethane  foam  approximately  50  am  thick,  and  the  other  set 
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w»«  bar*.  Tb*  *ncIo**d  a*t  was  shielded  along  the  sidas  and  over  tha  top 
only  so  as  to  not  intarfara  with  aithar  cooling  air  flow  fron  and  to  and 
or  aahanat  gas  emission. 

Tha  tast  was  conductad  for  a  26-hour  period  to  inclnda  a  conplctc 
solar  day*  Tsnp  sratur*  measurements  war*  nada  at  various  points  on  the 
skin  of  the  unenclosed  sat  and  at  corresponding  geometric  points  on  tha 
enclosed  sat  and  its  shield.  Background  temperatures  of  soil*  vegetation* 
and  air  were  also  massnred. 

Analysis  of  tha  thermographs  thus  assembled  shoved  a  sharp  contrast 
between  tha  thermal  profile  of  the  bare  set  and  the  background*  whereas 
the  thermal  profile  of  the  surface  of  the  foam  enclosure  was  practically 
identical  with  the  background.  Thus*  the  enclosure  effectively  filtered 
or  masked  the  thermal  output  from  the  generator  and  would  prevent  observa¬ 
tion  from  directions  other  than  directly  at  the  unenclosed  ends. 


DISCU8SI0R 


The  multiple  absorption  peaks  shown  in  Figure  1  are  the  result  of  the 
variety  of  different  groups  present  in  the  polyurethane  polymer.  In  addi¬ 
tion  to  the  prominent  peaks  described,  many  smaller  peaks  are  evident. 

The  overall  absorption  spectra*  is  essentially  the  form  that  was  dasired 
and  could  effectively  filter  an  emission  spectrum  of  an  infrared  source. 

The  foam  specimens  absorbed  more  than  tha  equivalent  solid  film*  as 
shown  in  Table  3.  The  increased  absorption  is  attributed  to  substantial 
scattering  caused  by  the  large  number  of  angles  described  by  cell  walls  in 
the  foam.  Incidence  of  the  beam  with  the  cell  walls  increases  reflection 
to  the  sides  and  backward. 

The  results  of  this  study  support  the  hypothesis  that  selectively 
absorbent  polymers  can  be  designed  and  mada.  Foamed  polymer  appears  to  be 
superior  to  a  film  of  the  same  material  of  tha  same  thickness  when  used  as 
a  filter  for  infrared  radiation.  It  is  believed  that  affective  masking 
filters  for  emitters  could  be  made  to  a  particular  specification  to  absorb 
much  of  the  infrared  spectrum  within  the  range  described  in  this  paper. 

While  it  was  not  a  part  of  this  study*  it  is  known  that  colorants* 
dyas*  pigments*  and  fillers  can  also  be  incorporated  into  a  polymer  (film 
or  foam)  to  further  altar  the  absorption  properties. 
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Field  utility  of  foamed  polymers  was  deemed  feasible  basad  oa  tha 
rosvlts  of  tha  single  experiment  described.  Obviously*  aora  study  will  ba 
required  to  dasigu  aa  optimum  systsa  fot  gaaatal  application. 


SUlMiRY 


A  aothod  of  designing  a  polyaar  to  bo  selectively  absorbing  in  the 
infrared  electroaagnatic  spectras  was  studied*  The  design  was  intended  to 
give  as  nuch  absorption  as  possible  in  the  region  of  4000  car*  to  700  ca"* 
wave  nunbers*  k  polyurethane  polyaar  was  synthesised  which  shoved  absorp¬ 
tion  in  this  range  with  numerous  fairly  prominent  absorption  peaks.  Foam 
made  of  this  polyaar  shoved  the  seme  absorption  characteristics  but 
appeared  to  be  aore  efficient  as  a  total  filter  for  the  whole  range*  par¬ 
ticularly  at  a  thickness  of  about  1.9  am  or  greater. 

A  field  experiment  showed  proaise  for  effectively  camouflaging  ther- 
aal  sources  such  as  operating  generator  sets  by  enclosing  them  with 
polyurethane  foaa  sheets. 


ACKROWLEDCEMEHTS 


The  author  is  grateful  for  the  support  of  the  Army's  In-Laboratory 
Independent  Research  Program  for  the  financial  support  of  this  work*  to 
Prof.  R.  P.  Wool  of  the  University  of  Illinois  at  Urbane-Champaign  for  his 
helpful  guidance  and  suggestions,  and  to  Mr.  Rich  Laapo  and  LT  0.  8. 
Marshall*  co-workers  who  greatly  assisted  in  the  study. 


1.  Bikales,  H.  M.*  Characterisation  of  Polymers*  Interscience,  Mew  York 
(1971),  pp  127-129*  1*3. 

2.  Rabek,  J.  P. ,  Experimental  Methods  in  Polymer  Chemistry,  Inter science. 

Raw  York  (1980 TTpp  2i "  - 

3.  Wolfe,  W.  L.  and  6.  J.  Zissis  (ed.).  The  Infrared  Hytdbook.  Office  of 
Maval  Research,  Department  of  the  Ravy,  Washington  (1978),  pp  7-103  - 
7-110. 


SMITH 


4.  Smdtri,  J.  H.  and  K.  C.  Priach,  PnlTur«thuM«.  &SMil£l2  andTech- 
nology  -  Part  1  Chemietry,  John  Wiley  and  Sona,  lor  York  (1962). 

5.  Bellamy,  L.  J.,  Tho  Infrarod  Spoctraof  Complex  Moleculea,  3rd  Edi¬ 
tion,  Chapman  and  Hall,  London  (1975). 

6.  Co 1th op,  H.  B.,  L.  H.  Daly,  and  S.  E.  Wiberley,  Introduction  to 
Infrarod  and  Raman  Spoctroacopy,  Academic  Preaa,  How  York  (1964). 

7.  Dolphin,  D.  and  A.  Vick,  Tabulation  of  Infrarod  Spoctral  Data,  Wiley- 
Inter science,  Horn  York  (1977). 

8.  Hamel ,  D.  0.,  Appliod  Infrared  Spoctroacopy,  Chap.  2.2  in  D.  0.  Hum¬ 
mel  ,  Ed.,  Polymor  Spoctroacopy.  Monograph a  in  Modern  Chemietry,  Vol. 

6,  Verlag  Chemie,  Germany  (1974). 

9.  Htnmiol,  D.  0.. Infrarod  Spoctra  of  Polymer a.  Polymer  Revieva,  Vol.  14, 
Wiley-later acience,  Heo  York  (1966). 

10.  Bellamy,  L.  J.,  Advances  in  Infrared  Croup  Frequencies,  Methuen  & 

Co.,  London  (196*571  ~ 

11*  Ssyanaki,  H.  A.,  IE:  Theory  and  Practice  of  Infrared  Spoctroacopy. 
Plenum  Preaa,  Hen  York  (1964). 

12.  Xrimn,  S.,  "Infrared  Spectra  of  High  Polymera,"  Fortschr.  Hoahpoly. - 
Forecht  2,  51  (I960). 

13.  Zbiaden,  R.  Infrared  Spoctroacopy  of  High  r«.  Academic  Preaa, 

Hoe  York  (1964^ 

14.  Hamel,  D.  0.  and  P.  8choll,  Infrared  of  Polymera.  Reaina. 

and  Additives:  An  Atlaa.  Vol.  1,  Part  2,  Wiley- Inter acience,  Hew 
York  (1969). 

15.  Whet eel ,  K.  B.,  "Hear  Infrared  Spectrophotometry,"  Appl.  Spectres. 
Reo.  2,  1  (1969). 

16.  Tadokoro,  H.  and  M.  Kobayaahi ,  "Vibrational  Analyaia  of  Highly 

Ordered  Polymera,"  Chap.  2.2  in  D.  0.  Buemel,  Ed.,  »■  Snectroa- 

copt.  Monographa  in  Modern  Chemietry,  Vol.  6,  Verlag  Chemie,  Germany 
(1974). 

17.  Ssymaaaki,  H.  A.  and  R.  E.  Erickeon,  JatlMOi  m*«Ml  JiHdhaalb  2nd  Edi¬ 
tion,  IPI/Plenum,  Haw  York  (1970). 


SMITH 


18.  Fox*  J.  J.  and  A.  E.  Martin*  Proa.  Roy.  Soo.  A175  .  208  ,  234  (1940). 

19.  MeKaan*  D.  C.*  Chem.  Cam.,  1373  (1971). 

20.  Francia*  8.  A.*  J.  Chem.  Phye.  19,  942  (1951). 

21.  Wilashurst*  J.  E. ,  j.  Chem.  Phye»»  24,  426  (1957). 

22.  Bright*  M.  B.*  J.  Org.  Chem .  24*  1362  (1959). 

23.  McMurry*  H.  L.  and  Thorton,  7.,  Anal.  Chem •  24  *  2318  (1952). 

24.  Jones*  K.  H.*  Spectroohim,  Acta,  9,.  235  (1957). 

25.  Sheppard*  H. *  in  Advances  in  Spectroscopy.  Vol.  1,  Interscience*  Heir 
York*  p.  288  (1959). 

26.  Potts*  W.  J.  and  R.  A.  Myquist*  Speotroohim.  Aata,  J£,  679  (1959). 

27.  Davison,  W.  H.  T.  and  Bates*  J.,  J.  Chem.  Soo .,  2607  (1953). 

28.  Pinches*  9.*  Anal.  Chem .  27,  2  (1955). 

29.  Katritxky*  A.  R Quart.  Rev ,  13*  353  (1959). 

30.  Mason*  P.  *  J.  Chem.  Soo •  22  (1961). 

31.  Stevart*  J.  R.,  J.  Chem.  Fhye .*  30,  1259  (1959). 

32.  Flett*  M.  8.  C. *  Spetroohim.  Aata ,  19,  509  (1963). 

33.  Murthy*  A.  8.  H.  and  C.  H.  R.  Rao*  "Spectroscopic  Studies  of  the 
Hydrogen  Bond,"  Appl.  Speotroe.  Rev •  2*  69  (1969). 

34.  Stuart*  A.  V.  and  G.  B.  B.  M.  Sutherland*  J.  Chem.  Phye .,  24*  559 
(1956). 

35.  Matsubara*  I.,  Y.  Itch*  and  M.  Shinoniya,  J.  Polymer  Sot.,  B4*  47 
(1966). 

36.  Siapson,  D.  M.  and  G.  B.  B.  M.  Sutherland*  Proo.  Roy.  Soo.,  A199*  169 
(1949). 

37.  Varsanyi,  G.*  Vibrational  Spectra  o*  n*rWi«*i.  Acadenic 

Press*  lev  York  (1969). 


■J 


9 


SMITH 


38*  Kniaeley,  R>  R. ,  V.  A.  Fui«l ,  and  E.  E.  Conrad,  Spectrochim.  Aota.% 
U.  851  (1959). 

39.  Wright,  I,  and  M.  J.  Hunter,  J.  Am.  Chem.  Soa. ,  69,  803  (1947). 

40.  Smith,  A.  L. ,  Spectrochim.  Acta,  16 ,  87  (I960). 

41.  Altona,  and  Hageaan,  Eec.,  Traw.  Chin.  Pays  Bern,  88,  33  (1969). 

42.  Rentley,  F.  F. ,  I,  T.  McDeritt,  and  A.  L.  Roaek,  Spectrochim.  Acta. 
20,105  (1964). 

43.  Carrington,  R.  A.  G. ,  Speatroohim.  Acta,  16,  1279  (1960). 

44.  Sheppard,  D.,  Trane.  Faraday  Soc w,  46  ,  429  (1950). 

45.  Oaaeeh,  L.  W.  and  D.  C.  Saith,  Anal.  Chem,  23  ,  853  (1951). 


I" 

SMITH 


«.  *5  , 

| 2 3? 8* 


• 

► 

••4 

N 

a  a 

« 

ss 

e 

as 

1 

r*  r«. 

28 

8 

44 

a 

r»  * 

m-4 

j's 

8 

*-« 

« 

£ 

*8 

9 

J 

e 

•  sew  Ji 

SSSSR 

o  o  o  o  e 

t 

m 

• 

2 

A 

!• 

•h  a 

• 

i 

u 

•  •  •  •  • 
©  o  o  o  © 

*• 

w 

• 

A  ^ 

'm2 

5K 

2 

m 

N 
w * 

A 

W 

m* 

8  w 

n  m 

X  8 

8  A 
s  s 

:s 

24 

a 

a 

*• 

44 

8 

pa 

i 

•5 

a 

r 

« 

• 

• 

1 

SSJSe 

w 

? 

OONPaa 

o 

la 

M 

• 

«* 

m 

la 

*a 

I 

**4 

■ 

■ 

*It  is  rwdily  apparent  that  a  three- fold  increase  is  equivalent  thictoess 
causes  alaoat  a  nix-fold  increase  ia  absorption  at  thil  vans  amber*  Basel 
tially,  the  sane  ratio  occurs  all  alone  the  spectres  of  4000  caT*  to  700  e 


awr-w-jo-ino  *»  14 

saNvxcnic  tamjj* 


WHJ.3  0-0 

tama  o-o 

3NMV  H-N 
(8NMNM)  ‘HO 


(rrmiiMif  8n«)o-o 

(MMOUMIS  9MM) 

V3M0  0*0 
-UM0WV0  SNVHJJMft 


H-IS 


CHO,ZHO 
(PNIHSUJMXS)  1AN0WV3 
S9IXVN0MV 


0  AXOMOAH  HO 
<301 IW  ‘3N¥MJ3H(1)  H N 


